Polystyrene composites with 0.5 wt. % loading of oriented multiwall carbon nanotubes (MWCNTs) have been produced by forge rolling method. The composites showed anisotropy of transmission and reflection of terahertz radiation depending on sample orientation relative to the polarization of electromagnetic wave. The structural characteristics of composites (nanotube ordering, length, defectiveness) were estimated by fitting the theoretical dependencies calculated within the Clausius-Mossotti formalism for cylindrical particles to the experimental data. The presented model was used for prediction of electromagnetic response of composites containing oriented MWCNTs with various structural parameters in THz region. V C 2013 AIP Publishing LLC.
I. INTRODUCTION
Interest in terahertz radiation is provoked by the development and production of tomography and scanning quality control equipment, radio astronomy, security systems, etc. Carbon nanotubes (CNTs) owing to peculiar electromagnetic response in this range [1] [2] [3] are attractive for such kind of applications. Particularly, the surface plasmon resonance (antenna resonance) inherent in isolated CNT was shown to provide non-Drude conductivity of CNT composites. [4] [5] [6] [7] The theoretical description of antenna effect in CNTs in the terahertz range was presented in Refs. [8] [9] [10] [11] . CNT-based composite materials with tuned electromagnetic response offer many promising opportunities for the terahertz radiation control and manipulation. Actually, the recent progress in investigation of properties of aligned CNT-arrays for optoelectronic applications allowed producing effective terahertz polarizers. 3, 12, 13 The similar properties of polymer composites, containing aligned CNTs, were also observed in microwave range. 14 Unique properties of CNTs are provided by the cylindrical structure, high conductivity, and large aspect ratio, causing the anisotropic electromagnetic response of isolated nanotube. 15 It is well known that a little inclusion of CNTs in composite can strongly modify its electromagnetic parameters. [16] [17] [18] [19] [20] In the case of polymer composites, the effective permittivity depends on the permittivity of host polymer matrix e h and polarizability, concentration, and orientation of inclusions. Variation in these parameters allows tuning the effective permittivity of composite material in wide frequency range. However, analysis of microstructure of CNT-based polymer composites is still a challenging task due to the rigid restriction on the sample thickness for microscopic investigation, melting of polymer under the electron beam, etc. Therefore, today dielectric spectroscopy and theoretical approaches developed for modeling of experimental data are commonly used for characterization of dispersion and geometry of CNTs in polymer matrix.
In present work we studied anisotropy of electromagnetic response of CNT-based polymer composite in terahertz range experimentally and theoretically. The dispersion and alignment of multiwall CNTs (MWCNTs) in polystyrene matrix were achieved by the forge rolling method. The permittivity of composites was simulated using the modified Clausius-Mossotti model. From matching between calculation and experimental data the key structural parameters of MWCNT-composite were determined. Effect of defectiveness and length of nanotubes on the electromagnetic properties of polymer composites was discussed.
II. MATERIALS AND METHODS

A. Carbon nanotube synthesis
Vertically aligned MWCNT arrays were grown on silicon substrates using an aerosol-assisted catalytic chemical vapor deposition (CCVD) method described elsewhere. 21 The solution of ferrocene (2 wt. %) in toluene was injected during 15 min in horizontal tubular reactor heated up to 800 C. The structure of obtained samples was characterized by scanning electron microscopy (SEM) on a JEOL JSM-6700 F microscope and transmission electron microscopy (TEM) on a JEOL JEM-2010 microscope. SEM micrographs showed that nanotubes have predominant orientation perpendicularly to silicon substrate ( Fig. 1(a) ). The height of MWCNT arrays was $75 lm. The average outer diameter of MWCNTs was estimated from TEM images to be $30 nm (Fig. 1(b) ). Concentration of iron nanoparticles in the MWCNT channels determined by elemental analysis was $5 wt:%. 
B. Composite preparation
Polystyrene composites with the MWCNT loading of 0.5 wt. % were prepared by forge rolling method. Previously, the procedure had been developed for dispersion of onionlike carbon (OLC) nanoparticles in polystyrene matrix. 22 MWCNTs were gently detached from silicon substrates and dispersed in toluene by mechanical stirring for an hour. Polystyrene, taken in the required proportion, was added in the MWCNT-toluene dispersion, and the obtained mixture was stirred until complete dissolution of polymer, followed by ultrasonication treatment for 5 min (200 W/10 ml) and stirring for 2 h. Obtained composite slush was applied over aluminium foil plate and dried at ambient conditions during 3 h to the viscous state. Then the sample was repeatedly forge-rolled in certain direction until the composite got a uniform gray color. The obtained plate with a thickness of $360 lm was dried under a light load at room temperature during 12 h. We suggest that saving the forge rolling direction would result in predominant orientation of MWCNTs in polymer matrix.
Disaggregation of MWCNT bundles and their uniform distribution in polystyrene were evidenced from darkening of composite plate after 50 cycles of forge-rolling. Furthermore, fine separation of nanotubes in the matrix was confirmed by TEM examination of sediment, extracted from composite after polystyrene dissolving by toluene ( Fig. 1(c) ). A typical image shows that sediment contains isolated nanotubes coated by polystyrene mantle. Also, our previous investigations 23 showed that strong forces of the rolls could break the nanotubes and lead to decreasing of average nanotube length in composite.
C. Measurement details
The samples with lateral dimensions 20 Â 30 mm 2 were taken for measurements. The resistivity of composite plates measured by two-contact method showed a value of $10 10 X that allows concluding that MWCNTs in polystyrene matrix are isolated from each other.
Transmission and reflection spectra of the plates were recorded in a range of 0.5-3.5 THz using a Bruker IFS 66vs vacuum Fourier spectrometer with liquid helium-cooled bolometer. The linear polarized beam had normal incidence for transmission and 85 incidence for reflection. The composite sample was rotated in azimuth plane so that the electric field was parallel (T k and R k ) or perpendicular (T ? and R ? ) to the forge rolling direction. Diameter of incident beam was $12 mm.
D. Simulation details
The permittivity tensor of composite material, consisting of polymer matrix and isolated MWCNTs, can be calculated using the Clausius-Mossotti model, modified for cylindrical inclusions
whereÎ is the unit matrix, e 0 ¼ 8:85 Â 10 À12 Fm À1 is the vacuum permittivity, N h and N are the numbers of host matrix molecules and MWCNTs in volume unit, a h is the polarizability of host matrix molecules, a k is the axial polarizability of MWCNT (we assume that axial polarizability is much bigger that the transverse one), wðh; uÞ is the orientation dispersion function of inclusions in composite, and T ¼Ã A is the tensor product of two projection vectors A ¼ ðsin h cosu; sin h sin u; cos hÞ. The longitudinal depolarization factor of cylinder n k is described as
where r is the cylinder radius and l is the cylinder length ðl ) rÞ. According to Ref. 14, the orientation dispersion function wðh; uÞ can be found by the following equation:
where parameter v ! 1 characterizes predominant ordering of MWCNTs along the rolling direction. Rolling direction ðh; uÞ ¼ ðp=2; p=2Þ corresponds to oY-direction in the Cartesian coordinate system. In this case the components of dielectric permittivity tensor may be transformed as e yy ¼ e k and e xx ¼ e zz ¼ e ? . For calculation of the a k value a theoretical model 26 has been used, where MWCNT is considered as finite-length multishell structure consisting of coaxial, infinitely thin conductive cylinders. The conductivity r i of each shell was considered by the following equation:
where h is the normalized Planck constant, e is the electron charge, and p z is the axial projection of quasimomentum. The integer s ¼ 1; 2; 3:::m labels the p-electron energy bands E s , m is an index appearing in the dual indexes (m, n) used to classify CNT, x and are the angular and relaxation frequencies. The abbreviation 1stBZ restricts the variable p z to the first Brillouin zone, and F c is the equilibrium Fermi distribution function.
The total axial conductivity of MWCNT r was calculated from the Maxwell equations with effective boundary conditions for the electromagnetic field on the MWCNT surface using Eq. (4) for each shell (see details in Ref. 26) . Than the axial polarizability of MWCNT was obtained from conductivity using a simple relation
The electromagnetic response of the MWCNT-based composite was calculated via the Fresnel formulas using the polarizability of nanotubes calculated by the Eq. (5) . To apply the model presented above for description of the experimentally measured electromagnetic response of MWCNT-polystyrene composites, we fixed the permittivity of matrix (e h ¼ 2:5, this is typical value for permittivity of polystyrene in THz region 27 ), radius, and concentration of MWCNTs (r ¼ 15 nm and n ¼ 0.5 wt. %) and thickness of composite plate (d ¼ 360 lm). Thus, the most important variables, which impact on electromagnetic response of composite, are the MWCNTs ordering state, their length l, and defectiveness. The first variable is determined by the parameter v (Eq. (3)), and the latter one is influenced by the relaxation time s.
III. EXPERIMENTAL AND SIMULATION RESULTS
A. Experimental data and comparison with numerical results
The frequency dependencies of experimentally measured electromagnetic response of polystyrene composite are presented in Fig. 2 . From the transmission spectra (solid symbols) one can see that even relatively small addition of MWCNTs in polystyrene matrix provides noticeable attenuation of electromagnetic radiation in the THz frequency range ( Fig. 2(a) ). The reflection (open symbols) has an oscillatorlike dependence (Fig. 2(b) ), which indicates the Fresnel reflection from the samples surfaces. However, for both polarizations, the average values of reflection remain rather low, so the recession of the transmission is mainly caused by frequency dependence of MWCNT polarizability, which will be discussed below.
Transmission and reflection of the composite are strongly dependent on orientation of the plate in respect to the polarization of electromagnetic wave. Hence, the forge rolling procedure causes alignment of MWCNTs in polystyrene matrix, thus producing a composite with anisotropic properties. The transmission T ? decreases from 0.54 to 0.10 in the frequency interval from 0.5 to 3.5 THz. The reflection R ? is $0.03. For parallel orientation of the electric field vector, MWCNTs absorb and reflect the incident radiation stronger. Indeed, near 0.5 THz the transmission T k is about two times smaller than the corresponding value of T ? , and starting from 2 THz the composite is almost opaque to the electric field being parallel to the rolling axis (0:04 < T k < 0:02 in 2.0-3.5 THz frequency range). The reflection R k decreases from 0.09 to 0.05 between the 0.5-3.5 THz frequencies.
The theoretical best fits to the experimental data are shown in Fig. 2 by solid and dashed lines. The chosen parameters required for the model described in Sec. II D are v ¼ 1:7; l ¼ 1:2 lm, and s ¼ 2 fs. Note that nanotube length used for the theoretical calculations is significantly less than the length of initial MWCNTs inserted in polystyrene because of hard forces developed during the forge rolling procedure resulting in fracture of MWCNTs. Previously, the partial breaking of OLC agglomerates and MWCNTs has been deduced from the electromagnetic examination of polymer composites prepared by this method. 22, 23, 28 Statistical analysis of the TEM images of MWCNTs dispersed in polystyrene confirmed the nanotube shortening up to about 0.5-2.5 lm in the result of the forge rolling. 29 The good agreement between theory and experiment (Fig. 2) demonstrates the capability of the used model for prediction of the exact geometry of composite material, which could provide electromagnetic response necessary for practical applications. In particular, with the same content of MWCNTs in the matrix, the properties of the composite will be different depending on the orientation of the individual filler particles, their length and defectiveness. Effect of these key structural parameters (v, l, and s) on the electromagnetic response of composite is examined in following Subsections III B-III D.
B. Orientation dependence
Let us fix parameters of MWCNTs (i.e., r ¼ 15 nm, l ¼ 1.2 lm, and s ¼ 2 fs) and consider the influence of nanotube orientation on permittivity of composite (e h ¼ 2:5 and n ¼ 0.5 wt. %).
Orientation dispersion of MWCNTs in host matrix is described by Eq. (3). The case v ¼ 1 corresponds to randomly oriented inclusions, so composite material is macroscopically isotropic. The orientation dispersion function wðh; uÞ ¼ 1=2p and the permittivity tensorê becomes scalar
Parameter v ! 1 corresponds to predominant ordering of MWCNT along a certain direction. For the samples investigated here v ¼ 1:7, which indicates alignment of nanotubes along the forge rolling direction oY. The real and imaginary parts of components e k and e ? are presented in Fig. 3(a) together with those calculated for e u , which correspond to composite contained the same concentration of randomly distributed MWCNTs. As compared to e u dependences, both parts are larger for the component e k and smaller for e ? one. This is in good correspondence with our previous results obtained for the microwave frequency range. 14 Irrespective of MWCNT orientation, the ImðeÞ dependence has maximum located around 1 THz. This feature is also evident in the frequency dependence of the imaginary part of polarizability of isolated MWCNT (Fig. 3(b) ), and it can be associated with finite length effects described in Ref. 26 . Bellow we will show that the maximum position is strongly dependent on nanotube length l and relaxation time s.
The case when v ! 1 is ideal, all inclusions are precisely oriented in the same direction. The components e k and e ? of permittivity are given by
This implies that when all MWCNTs in composite are oriented along one direction, dielectric permittivity in this direction has the form (8) . If the electric field polarizatioñ E of incident electromagnetic wave is perpendicular to this direction, electromagnetic response of composite will be close to response of the host matrix. Therefore anisotropic MWCNT-based composite films are promising for the THz-polarizer applications. In Secs. III C and III D we will use for calculations the parameter v ¼ 1:7, which allows matching the theoretical data as closely as possible to the experimental ones (see Sec. III A).
C. Relaxation time dependence
Atomic-scale defects in the MWCNT walls can cause significant scattering of charge carriers and lead to the finite value of relaxation time. The good agreement between the experimental and modeled electromagnetic response of MWCNT-polystyrene composites was obtained for s ¼ 2 fs. This value is several times smaller than those characteristic of graphite and ideal nanotubes. 26 Variation in relaxation time, i.e., variation in MWCNT defectiveness, permits to find possible ways to tune properties of anisotropic materials. To ascertain how the electron relaxation time affects the electromagnetic response of anisotropic composite we varied this parameter in the range from 0.5 up to 8 fs preserving the other two variables l ¼ 1.2 lm and v ¼ 1:7. The frequency dependencies of axial polarizability of MWCNT and corresponding component e k of MWCNT-based composite for various relaxation times are shown in Figs. 4(a) and 4(b) . Since for calculation of permittivity of composite with low concentration of inclusions we used the linear Clausius-Mossotti model, the frequency dependencies of MWCNT polarizability and composite permittivity have the same form and differ from each other by only a scalar factor (see left scale for a and right scale for e k in Fig. 4) . Increase of the relaxation time leads to the growth of both real and imaginary parts of polarizability at high frequencies and the shift of the peak of imaginary part to high frequency region. We associate this peak with finite length effects described in Ref. 26 .
The obtained frequency dependencies of component e k were used for calculation of the reflection R and transmission T of composite by the Fresnel formulas. The dependencies for different relaxation times are presented in Fig. 5 . One can see that increase in relaxation time results in significant decrease of transmission at high frequencies ( Fig. 5(a) ) and also reduce of amplitude of reflection oscillations (Fig. 5(b) ). Thus we can conclude that although MWCNTs with the largest relaxation time (i.e., MWCNTs with smallest amount of defects) are most suitable for the THz-polarizer applications, defective MWCNTs (with s ! 2 fs) also may be used for production of effective THz shielding and absorbing composites.
Note that defectiveness of nanotubes could be changed by post-processing treatment such as high-temperature annealing. Hereinafter our efforts will be focused on the experimental verification of EM response dependences of CNT-based composites on the defectiveness of the tubes.
D. Length dependence
Frequency dependencies of axial polarizability of MWCNT (v ¼ Figs. 6(a)-6(d) . Since the MWCNTs diameter was fixed the change in MWCNTs length from 0.5 to 8 lm corresponds to the variation in aspect ratio from 16 to 270. Here, in contrast to Fig. 4 , this change at constant MWCNT concentration n leads to variation in number of nanotubes N in volume unit of composite (see Eq. (1)). As the result the behavior of component e k differs from that of MWCNT polarizability. Increase of MWCNT length leads to the increase of both real and imaginary parts of polarizability and also to shift of the maximum of the IM part of the polarizability to the lower frequencies.
The transmission and reflection of composite with corresponding e k component are shown in Fig. 7 . The amplitude of reflection oscillation is the largest for the shortest nanotubes and gradually decreases with increasing of nanotube length (Fig. 7(b) ). The transmission T also decreases with MWCNT length (Fig. 7(a) ). Analysis of Fig. 7 shows that composites containing relativity long tubes (length l ! 4 lm) may be potentially used as THz beam polarizer.
We suppose that the length l ¼ 8 lm of MWCNT with average outer radius r ¼ 15 nm is most suitable for the THz-polarizer applications. The further increase in the length has no noticeable effect on the electromagnetic response of composite. Actually, although the polarizability of MWCNT with l > 8 lm growths when l increases, for constant weight concentration of filler n ¼ 0.5 wt. % the number of nanoparticles decreases. Finally for the longer than 8 lm length tubes, being 15 nm in diameter, these two factors compensate each other, and the electromagnetic response in THz range will not be longer dependent on MWCNTs length. We suppose that this will be valid until the MWCNT length is much less than the wavelength of incident radiation. Thus the minimal MWCNT length limit for effective THz-polarizer applications was determined. This is especially important because production of extra long and extra short CNTs currently still remain challenge.
It is worth to point out that Figs. 6 and 7 present ideal case when composite contains MWCNTs of unified length, but in reality there exists a length distribution of the nanotubes which might be modeled by the Weibull probability distribution
where x ! 0, k is the scale factor, and k is the shape factor. These parameters can be determined from the mode MWCNT length l m and average MWCNT length l a in composite, which may be measured experimentally. Fig. 8 compares the frequency dependence of dielectric permittivity of composite containing MWCNTs with identical length l ¼ 1.2 lm and composite with Weibull length MWCNT distribution for parameters l m ¼ l a ¼ 1.2 lm.
Dielectric permittivity of composite containing MWCNTs with length dispersion may be calculated from (1) replacing the second term in right side by the sum of similar terms with corresponded parameters N i ; a ki ; n ki for each i-th MWCNT length fraction. We see that accounting of MWCNT length distribution does not affect significantly the electromagnetic response of composite. So Figs. 6 and 7 provide suitable insight into electromagnetic properties of real MWCNT-based composites. We suppose that this result will be useful for practical applications, because control of MWCNT length distribution during composites preparation is currently an intricate problem.
IV. CONCLUSION
Electromagnetic response of polystyrene composites with 0.5 wt. % MWCNT loading prepared by forge rolling method has been experimentally measured and theoretically modeled. Alignment of MWCNTs in polymer matrix causes strong dependence of the transmission/reflection THz spectra on orientation of sample in respect to the electric field, which opens prospects in application of anisotropic MWCNTbased composites for THz polarizers. Best fitting of the experimental data allows defining the structural parameters of the composites such as effective length and electron relaxation time in the nanotubes and their orientation ordering. Simulation shows that the increase of the relaxation time leads to considerable decrease of the transmission at high frequencies and also decrease of amplitude of reflection oscillations. This implies that (i) MWCNTs with minimum amount of defects (for example annealed MWCNTs) are most suitable for THz-radiation absorption, but defective MWCNTs (with s ! 2 fs) also may be used for production of effective THz shielding and absorbing composites. Significant decrease of transmission and reflection oscillations is also predicted for MWCNT length up to $8 lm, i.e., (ii) minimal MWCNT length limit for effective THzpolarizer applications was determined. (iii) MWCNT length distribution does not affect significantly the electromagnetic response of composite; hence, it may be neglected. Finally we demonstrate that low-cost MWCNT dilute polymer composite gives comparable performance to single-walled CNT-based THz polarizer technologies. 
